We measured emissions of methane from asphalt surfaces used in pavement for roadways. Maximum emissions were 22 mg/m2/hr for 1-to 4-week-old pavement during maximum sunlight intensity. Emissions were much smaller at low sunlight intensity and dropped off to negligible amounts at night. Smaller emissions were observed for asphalt pavement of 2.5 to 3 years approximate age under similar conditions. Companion measurements of carbon monoxide emissions resulted in maximum emissions of about 2.6 mg/m2/hr for 1-week-old pavement. These f'mdings indicate that emissions of CH 4 and CO are a function of both sunlight and temperature. Based on our results, methane emissions from asphalt pavement cannot be a significant source of atmospheric methane as compared to other identified methane sources. Therefore, although asphalt methane emissions are a form of fossil fuel methane, they cannot explain the relatively high fraction of •4C-depleted methane in the atmosphere.
. However, recent work by Lowe et al. [1988] and Manning et al. [1990] indicates that the contribution to CI-In from dead sources such as fossil fuels is more probably 26% of the total contribution with a range of 23-32%. Wahlen et al. [ 1989] are in reasonable agreement with this value. Their reported value is 21 -ñ 3% for the fossil carbon contribution to atmospheric methane at the end of 1987. Sackett and Barber [1988] propose that an overlooked radiocarbon dead source of atmospheric methane might be derivatives of fossil fuel carbon such as asphalts and road tars. They reported preliminary measurements of asphalt emissions of CH 4 using a laboratory test system. Tests consisted of experiments in which quartz tubes filled with asphalt were heated by exposure to UV light while emissions of CH4 and other hydrocarbons were monitored. Their results indicate that up to 15% of total carbon in asphalt in this system may eventually be released as CI-I•. Based on calculated U.S. production of asphalt they suggest that overall CHn emissions from newly produced asphalt may be as high as 5 Tg/year (Tg = 10 •2 g). They speculate that world methane production from asphalt must be even larger and point out that other petroleum-derived products with uses such as roofing and other construction applications may also release CI-I4 because of the materials' exposure to sunlight.
We have undertaken additional measurements of surface emissions of both old and new asphalt under natural conditions. Results are reported for CI-I4 emissions from both old (greater than 2 years since paved) and new (1 week to 4 weeks since paved) asphalt pavement on outdoor surfaces of roadways and parking lots. Emissions are monitored over time, along with surface temperature and radiative flux from sunlight, to arrive at mean and maximum CH4 fluxes as a function of these parameters. Companion data for CO fluxes from measured emissions are also reported. double count it. World usage then becomes 4.89 x 10 •ø kg excluding the United States. Comparing the total 4.89 x 10 aø kg to 2.84 x 10 •ø kg, one can see that the United States accounted for about one-third of the world asphalt usage in 1986. Similar calculations for other years since 1984 lead to about the same result. Therefore we will generalize the uses of asphalt by describing the procedures used in the United States and note exceptions where they are known to us. United States figures for 1987 indicate that 85% of all asphalt consumed in the United States was for asphalt pavement [Anderson, 1988] . Of this, asphalt cements are 83%, cutbacks are 5%, and emulsions are 12%. (For descriptions of these three types of asphalt used in paving, see Anderson [1988] Asphalt emissions were measured using three different experimental set-ups. In each case, samples were collected by withdrawing air into 20 mL volume air tight syringes. Teflon septa were used to plug the syringe after sampling to prevent exchange of sample gas with outside air while transferring them to the laboratory. Experimental conditions were monitored during the collections including surface asphalt temperature, air temperature, and UV light intensity. The UV light intensity was measured using an Eppley radiometer (spectral response range calibrated for 290-385 nm). All samples were analyzed within 2 hours of sampling against a CI-I4 standard at 3.88 ppmv (NBS SRM 1660a) and a CO standard at 9.70 ppmv (NBS SRM 2612a). Insmxment response for each compound was linear over the range of concentrations in this study and the precision of measurement is •0.01 ppmv for both CI-I4 and CO. A model HP-5880 gas chromatograph fitted with a flame ionization detector and a 5A molecular sieve column separated CI-I4 and CO for analysis. CO was passed through a methanizer consisting of a ruthenium carbonyl catalyst at 375ø(2 prior to its detection.
Our initial tests were run using a fully enclosed tray of asphalt pavement which was obtained from a road paving crew along a More experiments were run using this enclosed tray system over the next few weeks. These tests were made to monitor emissions over time as the initially hot asphalt cooled and set in the tray. We investigated the effects of bright sunshine on asphalt and also the effects of laboratory heating of asphalt to typical outdoor pavement temperatures in the absence of light. External concentrations of CH4 and CO were monitored at all times during the enclosure measurements for experiments run both outdoors and indoors. In addition, CH4 and CO blanks were established for similar teflon enclosures without asphalt inside.
A different experimental setup was used to monitor emissions from road and parking lot surfaces outdoors. The procedure is described below for a relatively old section of asphalt pavement in a townhouse parking lot. This pavement was about 2.5 years old and was sampled by covering a section with a large 1.31 m by 1.64 m teflon sheet. The center was raised to a height of about 0.25 m by using a dummy 1-L jar as a centerpiece under the sheet. Two meters of teflon 9 mm OD tubing were run from the central air space under the sheet to the edge of the sheet to allow us to take syringe samples. The approximate volume of the air cavity under the sheet was 21.5 L as determined by inflating the sheet with a measured background air source prior to beginning sample collections. The sheet edges were held down by wet sand to diminish air exchange into the enclosure. The leak rate was determined by doping the enclosed airspace with SF6 and monitoring its decrease over time.
RESULTS
Experimental data are summarized in Table 1 In the laboratory when the same asphalt sample was heated to 58ø(2 (day 21), methane and carbon monoxide emissions were about one-third as high, about 8.9 gg/m•/hr and 0.8 mg/m2/hr, respectively. When the asphalt sample was exposed to sunlight again (day 26) emissions built up to approximately the original level seen at the 7 day mark, although the asphalt surface temperature (47øC) and UV sunlight intensity (27 W/m •) were slightly lower than for the 7 day mark. These findings indicate that emissions of CI-I4 and CO are functions of both sunlight and surface temperature.
As described in the experimental section, a teflon sheet setup was deployed to make similar tests on asphalt pavement used for parking lot surfaces and roadways. On a parking lot surface known to be about 2.5 years old, maximum emissions were lower than in the fresh asphalt cases, as shown in Table 1 . Maximum surface asphalt temperature (22ø(2) and UV sunlight intensity (2.0 W/m •) were lower than for previous tests. Some of the decrease in emissions may have been due to conditions of less sunlight on the day of the test but the data clearly showed that for equal surface temperature, the older asphalt was not as productive as the fresh asphalt. This test was repeated several months later at the same location (asphalt age now about 3 years) to monitor emissions of CH4 on a day with bright sunlight and a hotter pavement surface. This time emissions of CI-I4 reached a maximum of 3.9 I. tg/m2/hr at the time of maximum temperature and sunlight. This flux was higher than the previous measurement for old asphalt but well below that for fresh asphalt, although surface temperature (72øC) and UV sunlight intensity (38 W/m:) were the highest yet measured.
Because the summer of 1989 provided much higher sunlight intensity than the fall of 1988, we made two additional experiments to test fresh asphalt using the teflon sheet method. In one experiment we tested fresh (21 day old) asphalt of the kind used in all previous experiments. This is the asphalt described in detail in an earlier section as the common type of Boulder County asphalt. In spite of higher surface temperatures (73øC) and more UV sunlight intensity (40 W/m:), maximum CH 4 emissions were only 16 gg/m2/hr this time as compared to 22 gg/m2/hr for asphalt of similar age tested last fall. A likely explanation for this difference in emissions for two nearly identically-aged asphalt sections is that their usages differ since being lain down. Our tray asphalt (26 day old) was never tamped down nor driven over, while the road surface asphalt (21 day old) was immediately put into use to serve traffic needs. In every test we have described we are dealing with differences between accumulated source and background concentrations. These differences can be small enough that the error of the FID measurement is as much as 3%. Background air over the pavement surface typically had concentrations of about 2.00 ppmv of CI-I• while concentrations of emissions of CH n ranged from a few tenths of a ppmv above background to about 5.00 ppmv. For the smallest flux in Table 2 Recent estimates for several methane sources of all types, including estimates made by compiling data such as in Table 1 for wetland areas, show that biogenic sources may range from 100-200 Tg/yr for natural weftands and 60-170 Tgtyr for rice paddies, while fossil fuel sources such as coal mining and gas drilling, venting, and transportation losses may range from 25-45 Tgtyr and 25-50 Tg/yr, respectively [Cicerone and Oremland, 1988] . In recalling the estimated value for asphalt CI-h emissions of 0.01 Tg, it is evident that methane asphalt emissions are not only small compared to several biogenic sources, but to other fossil fuel sources as well. 
CONCLUSIONS
Based on our measurements we conclude that methane emissions from asphalt pavement cannot be a significant source
In theft [1988] . Because asphalt has other uses such as roofing and construction applications which may also be exposed to sunlight, they are also testing other surfaces made from petroleum products such as synthetic rubber, plastics, and spilled oil. These authors have found that some of these emit several times more CI-I4 than asphalt surfaces. Nevertheless, it would seem that the total CH• released from all of these additional potential sources must be very small as the actual global surface area of asphalt pavement exposed to sunlight must dwarf all the other mentioned petroleum-derived sources 
